The results of numerical studies carried out on high-aspect-ratio wings with different planforms are discussed: the transonic regime is analysed for a swept wing and a curved planform wing. The wings have similar aspect ratios and similar aerodynamic profiles. The analyses were carried out by CFD and FE techniques, and the reliability of the numerical aerodynamic results was proven by a sensitivity study. Analysing the performances of the two wings demonstrated that in transonic flight conditions, a noticeable drag reduction can be obtained by adopting a curved planform wing. In addition, for such a wing, the aeroelastic instability condition, consisting in a classical flutter, is postponed compared to a conventional swept wing, for which a flutter-buffet instability occurs. In a preliminary manner, the study shows that, for a curved planform wing, the high speed buffet is not an issue and at the same time notable fuel saving can be achieved.
Introduction
Improving transport aircraft performance is still an important challenge, particularly given the strong increase in the commercial flight market. Modern technologies and new design configurations are aimed at increasing efficiency, in order to reduce operative costs and pollution. New propulsion systems have been introduced [1] , together with lighter, more efficient and/or hybrid materials which can also be used for the manufacturing and monitoring of the safety of aircraft structures [2] [3] [4] [5] [6] [7] [8] [9] . There are also new technologies for aircraft control and guidance [10] [11] [12] and new aircraft configurations and/or new technical solutions ( [2] , [13] [14] [15] [16] ).
In [2] , the adoption of folding wing tips enables the wing span to be increased during the flight operations thus reducing the aerodynamic induced drag. Improving both aerodynamic and structural efficiency also represents the main goal for biplane configurations [15, 16] or when the use of clean morphing wings is proposed [13, 14] . In our previous works, a preliminary layout of a wing configuration with a curved planform which considerably increases the aerodynamic efficiency, especially in the transonic regime, was proposed [17] [18] [19] .
However, recent developments in our research on this wing configuration [20] have led to new areas of study that need further investigation. We have thus conducted further analyses aimed at a more accurate computation of the aerodynamic efficiency of the studied wings and at a more detailed definition and understanding of the aeroelastic instability phenomena which occur for swept and curved wings in the transonic regime.
The first part of the present paper describes the results of a numerical sensitivity analysis. The aerodynamic meshes, developed using commercial software, are based on a structured procedure. Thus, although the planforms of wings are different, the errors due to the numerical approach are of the same order of magnitude. The geometry of the examined wings is described in [20] . For both wings, highly refined meshes were constructed and analysed in the transonic regime by assuming the models as rigid: that is, the geometry of the wings is not modified by the aerodynamic loads. The most accurate structured meshes contain about 6,500,000 cells.
All the simulations were performed using the commercial code ANSYS-Fluent Rel. 15 . To test the numerical results, both density-based and pressure-based solvers were used during the analyses [21] . The results obtained enable us to better understand the effect of mesh refinement on the computed values for lift and drag coefficients.
This study confirms results obtained in our previous research [17] : the curved-wing configuration provides a notable reduction in the wave drag due to the transonic regime. This leads to a significant fuel saving, as will be shown in a preliminary case study. In addition, looking at the axial component of the curl of the velocity vector in the wake, for the curved wing, the tip wake vortex has a reduced dimension and the induced drag effects are also reduced.
The results of the sensitivity analysis demonstrate that for the aerodynamic meshes (mid-level meshes) used in the transonic Fluid Structure Interaction (FSI) studies, the lift coefficient is affected by a maximum error of about 10%, while a higher error affects the drag coefficient. In the coupled dynamic analyses, the lift coefficient plays a key role. For this practical reason and in view of the available computational resources, all the coupled dynamics results discussed in this work relate to mid-level aerodynamic structured meshes (made from 400,000 cells).
As is well known, from an aircraft engineering point of view, the aeroelastic instability conditions lead to the definition of a buffet and/or flutter boundary, which represents a technical constraint for the safety of aircraft. In the technical literature, it is assumed that a high speed buffet is related to flow separation occurring on the wing surfaces behind an oscillating shockwave that develops at high altitudes and high Mach numbers. An early example of an airfoil buffet boundary is in [22] , examples of buffet onset boundaries for transport aircraft are in [23] , and finally an example of wing flutter boundary is provided in [24] .
Aeroelastic instabilities can be studied using mathematics and methodologies related to the dynamic equilibrium of nonlinear systems: see, for instance, the works [25] [26] [27] [28] . As discussed in [26, 27] , the physical sources of nonlinearity are in the structure or in the aerodynamic flow field.
At high Mach numbers, the most important aerodynamic nonlinearities relate to shock motions and subsequent flow separation. At low airspeeds, i.e., low Mach numbers, vortex shedding may characterize the unsteady aerodynamics and, in this case, the flutter can be driven by the dynamic-stall-related nonlinearities [28] .
The behaviour of a nonlinear system can be represented by a bifurcation diagram, which can be used both for nonlinear static problems, e.g., a postbuckling problem [3] , and nonlinear dynamic problems, e.g., the identification of limit cycle oscillations (LCOs) for aeroelastic problems ( [25] [26] [27] [28] ). The flutter speed is reached when self-sustained oscillations occur. As the dynamic problem is nonlinear, these oscillations have a finite amplitude (LCOs of a constant amplitude are established). In general, with benign nonlinearity, the amplitude of LCO increases if the Mach number increases.
In this case, supercritical or postcritical stable paths can be drawn in the bifurcation diagrams (see Figure 16 of [25] ), and the stronger the nonlinearities are, the smaller the LCO amplitudes will be (see Figure 1 .a of [27] ).
According to the definitions given in [27] , a stability boundary can be found for which the oscillations are slowly diverging or constant in amplitude (LCO), and sometimes safe conditions can be recovered by a further small increase in the Mach number. This behaviour is one of the three types of flutter found for the BACT Model at high subsonic Mach number. In this case, the type of instability is termed "single--degree-of-freedom flutter" and the stability boundary is referred to as "a chimney" [27] .
For the fully transonic regime, in our coupled numerical analyses, a single-degree-of-freedom flutter, characterized by a slowly diverging LCO, was observed for the swept-wing model. On the other hand, for the curved-wing model, in the supercritical regime the increase in amplitude for the estimated LCO (not stable) due to an increase in the Mach number was more rapid: in this case a classical flutter condition occurs [27] . Just above the flutter speed, the LCO amplitudes of the swept wing are smaller compared with the curved-wing amplitudes. In other words, according to the physical definition given in [27] , a stronger nonlinearity affects the swept-wing behaviour close to the instability condition. The source of this strong nonlinearity is related to the transonic flow which becomes unstable: that is, buffeting takes place.
There are many works in the literature on transonic buffet. They provide definitions, methodologies, and numerical and experimental results aimed at understanding the very complex phenomena related to the behaviour of aircraft wings, which undergo nonlinear dynamic loads produced by the aerodynamic pressure field which develops in the transonic regime.
The transonic buffet mechanism is typically studied for two-dimensional aerodynamic profiles (see for example the works [29] [30] [31] [32] [33] [34] [35] [36] ). There are several studies related to the interaction of the buffet with flutter. An elastic motion of the airfoil is often simulated, and consequently, the system stability characteristics and the effects of pitching and/or bending motion on the aerodynamic coefficients are investigated ( [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] ). Forward and backward shock wave oscillations can be coupled with the pitching or plunging of an airfoil, thus leading to unstable aeroelastic conditions. Such instability generally depends on both the Mach number and the airfoil's angle of attack.
Recently, there has been more focus on understanding the characteristics of three-dimensional unsteady phenomena associated with the transonic aerodynamics that evolve on swept wings ( [47] [48] [49] [50] ). In [51] , there is a review of several scientific studies on transonic buffet.
In the case of three-dimensional wings, the pressure distribution and the boundary of the sonic zone are strongly affected by the geometry of the aerodynamic surfaces (profiles, tapering ratio, aspect ratio, angle of sweep, twist distribution, and so on) and the effects of elasticity of the structures plays an even more important role ( [52] [53] [54] [55] ). In [56] , there is a review focussing on the nonlinear phenomena 2
International Journal of Aerospace Engineering related to transonic aerodynamics and/or nonlinear structural behaviour of high-aspect-ratio wings. From a more general point of view, both for twodimensional and three-dimensional systems, the supersonic zone tends to approach an unstable configuration, which occurs both for rigid and elastic models. In the transonic regime, in the fluid domain around a profile or around a wing, two distinct regions coexist: a subsonic and a supersonic region. The stability of this coexistence depends on the status characteristics of the fluid, which can be thought of as an elastic medium. All elastic media have their own frequencies and modes of vibration. In the case of a fluid, frequencies and modes associated with the pressure field must be taken into account and accurately computed.
A contribution to interpreting transonic aeroelastic instabilities is thus proposed here aimed at understanding, in a preliminary manner, the physical mechanisms on which these phenomena are based.
Our results show that, as expected, when the operating conditions approach the stability boundaries, the flutter mechanisms involve a very large amount of energy. In addition, when a classical flutter occurs, this type of instability does not depend on trim conditions. This has an important consequence: it is not necessary to simulate, for example, the effects of the inertia loads (gravity effects), because the change in the wing shape induced by these loads does not affect the mechanisms of the instability. In this case, the Mach number is the main physical field parameter. If a direct transient coupled analysis is carried out, as in the present work, close to the flutter conditions, there is a strong variation in both shape and dimension of the supersonic zone. However, in this case the oscillations of the shock wave are only a consequence of the wing mechanical oscillations.
On the other hand, if the dynamic instability involves both the supersonic zone and the shock waves at its boundary as key players, the dynamics response of the wing depends on both Mach number and the angle of attack: i.e., a flutter-buffet interaction occurs. In this latter case, the very strong aerodynamic nonlinearities lead to a form of instability that is weaker but more insidious compared to a classical flutter. In this case, by running different analyses corresponding to a fixed value of Mach number but with different angles of attack, different values of the overall damping parameter were estimated.
It can also be shown that the pressure field around the deformed wing vibrates according to a specific and instantaneous frequency spectrum, whose fundamental frequency falls close to the critical natural frequencies of the wing structure. To clearly identify the frequency spectrum of the pressure field, a specific rigid CFD analysis needs to be carried out, in terms of a deformed wing configuration produced by the aerodynamic loads. This demonstrates the nonnegligible role of the trim conditions correctly defining the nonlinear dynamic behaviour of a wing.
In the present study, when the flutter-buffet instability occurs (two elastic media interact: the wing structure and the fluid), the fundamental frequency of the pressure field corresponds to the frequency of the buffet which develops on the rigid-wing model. This model has a deformed shape, which corresponds to the mean value of the nonlinear dynamic displacement history.
By adopting a numerical technique based on the analysis of the dynamic response of a structure which undergoes unsteady aerodynamic loads (that is, a series of fluid structure interaction analyses performed using commercial software), a classical flutter condition can be clearly recognized due to the rapid increase in the curved-wing oscillation amplitude. In this case, the interaction between bending and torsion is clearly evident. Conversely, in the cases examined, when the flutter-buffet occurs a slight increase of the swept-wing oscillation amplitude can be observed. The reduced amplitude of the oscillations is related to the smaller amount of energy involved in this instability. With regard to flutter, the work done by the aerodynamic field on the wing structure depends on the effects of direct and indirect aerodynamic derivatives (lift and moment coefficients) which are a function of both the Mach number and reduced frequency. A classical flutter mechanism takes place if at least two elastic degrees of freedom interact. In the early phase of the flutter--buffet, the work done by the aerodynamic field on the wing structure depends on forces produced by the periodic and self-sustained vibrations of the pressure field (buffet) excited by the inevitable perturbations that arise near the wing surface. In this case, as discussed in [20] , the aeroelastic instability of the swept wing occurs with a predominant contribution of just one elastic degree of freedom (i.e., a single-degree-offreedom flutter is now activated) and, in the present study, the role of bending alone is evident. Finally, for the same values of altitude and lift coefficient, the transonic buffeting of the swept wing occurs for a lower Mach number compared with the curved-wing flutter instability: i.e., the curved planform wing is characterized by higher stability margins. A detailed graphical representation of these results is outlined in this paper.
CFD Results for Rigid-Wing Models
Drag reduction is one of the advantages of the curved planform wing. To confirm this advantage, previously obtained [17] refined meshes were set up for the swept-wing and for the curved-wing models. Figures 1 and 2 show the models of the two half wings, with AR = 9 5 (details on the wing geometries can be found in [20] ).
A blocking technique [20] was adopted to build structured meshes with the same topology for swept and curved models. The entire meshes are made up of 6,490,550 HEXA-8 elements and 6,570,662 nodes ( Figure 3) .
The surface meshes of the wing models are composed of 44,574 QUAD-4 elements and 44,699 nodes. Figure 4 shows the surface mesh of the curved wing, while Figures 5 and 6 show, as an example, the mesh layout at the tip of the curved-wing model and at the lateral side of the curved-wing mesh volume, respectively.
The polar curves, computed for rigid-wing models, were estimated and compared for an altitude of 10,000 m, a Mach number of 0.85, and an estimated Reynolds number of 5 67 × 10 7 . Steady state density-based analyses were executed; 3 International Journal of Aerospace Engineering the k-epsilon model with enhanced wall treatment was adopted as a turbulence model [21] .
Comparing the supersonic zone around the two wings in The numerical results of the CFD analyses are summarized in Table 1 . Figures 12 and 13 compare the wing polar International Journal of Aerospace Engineering International Journal of Aerospace Engineering curves and efficiencies, respectively. There is a clear improvement in the curved-wing efficiency: for C L = 0 4, a drag reduction of about 7.7% can be obtained (Table 2) , and for the efficiency, an increase of about 8.3% can be estimated from Figure 13 . The pressure component of the drag coefficients shows the most important difference (Table 2 ): in the transonic flow condition, the wave drag of a curved planform wing is strongly reduced. Similar results are discussed in [18] . There is a secondary effect in the induced drag component of the two wings. Figure 14 compares the distribution of the x component of the velocity curl in the wake of two wings. On planes positioned at the same distance from the leading edge of the wing root profiles, the wake energy content is higher for the swept wing (X P indicates the x coordinate of each control plane in the reference system set for CFD analysis).
On the basis of the results obtained, a preliminary estimation of the fuel consumption reduction was carried out following a standard procedure [57] . A simplified reference mission was considered for a wide-body long-range airliner. For a constant-altitude flight, with a constant cruise velocity, the following equation must be satisfied:
where X is the distance travelled, W is the weight of the aircraft (which changes during the flight), V is the velocity of the aircraft, c is the specific fuel consumption, q is the dynamic pressure, S is the reference wing area of the aircraft, and C D is the drag coefficient which changes according to the Table 1 : CFD results for swept-wing and curved-wing models (M = 0 85, h = 10,000 m, and 6 5 × 10 6 cells). By interpolating, in a first approximation, the polar curves of wing models with two distinct polynomials, equation (1) can be integrated step by step. Table 3 summarizes the results obtained for X = 6482 km (3500 nm), initial weight of the airplane, W 0 = 210,000 kgf , reference surface S = 379 m 2 , cruise altitude h = 10,000 m, Mach number M = 0 85, and specific fuel consumption c = 0 545 h −1 . According to these results, the fuel saving as a percentage of the fuel consumed by the swept wing is:
As expected, this value lies between the drag coefficient percentage reduction related to the beginning of the cruise (8.18%) and the reduction related to its end (5.14%). Although this example overestimates the fuel saving due to the simplifying assumption that the airplane drag polar is only represented by the rigid clean wing polar, it highlights that fuel consumption can be reduced significantly.
In order to perform the FSI analyses using coarser meshes, to optimize both time and computational resources, a sensitivity analysis was carried out by taking into account rigid CFD results. For the swept-wing model, the analysed meshes have 2 On the basis of these results, an estimation of errors can be made for the meshes made up of 400,000 cells taking the meshes made up of 6,500,000 cells as a reference.
For the C L and C D of the swept-wing model, we have (wall function method):
while for the C L and C D of the curved-wing model, we have (wall function method):
As can be seen, the estimated errors for C L are less than 10%, while the errors for the C D coefficient are more significant, at about 27%. On the other hand, very similar numerical errors affect both swept and curved models. Based on these results, coupled dynamic analyses (FSI) were executed by adopting the meshes made up of 400,000 cells, also considering that the most important component of aeroelastic forces is produced by the pressure distribution and then by the lift effects.
Results of the Aeroelastic Analyses
This section focuses on the dynamic aeroelastic problem of the swept wing and the curved wing by means of 2-way FSI analyses, using CFD models made up of 400,000 cells c (h (400 K). The characteristics of the flow field were set following the same method adopted for the rigid analyses.
FSI applications entail coupling fluid dynamics with structure mechanics. The equations governing the flow and the displacement of the structure are solved separately, with two distinct solvers. The FSI analysis performed in this work is a transient time domain-based analysis, where the problem is solved in a sequence of small time intervals in both the CFD solver and the finite element solver. During the FSI simulation, the System Coupling module coordinates the solution process between fluent and mechanical APDL solvers [21] .
With reference to Figure 19 , the first step is to assign the Fluid-Solid Interface flag to all of the faces that are in contact with the fluid. This boundary condition enables System Coupling to recognize the structural mesh region where the data transfer will occur.
The altitudes considered are the sea level and cruise flight conditions (10,000 m), as discussed in [20] .
The wing models were analysed with angles of attack giving a similar lift coefficient obtained with rigid analyses. As a reference, the following were assumed: Mach = 0 85 and h = 10,000 m giving C L = 0 36 for both wings (400 K meshes), as shown in Figures 15 and 17 . To guarantee the same value of rigid C L , different angles of attack were set for swept and curved wings. These angles of attack were used for all the FSI analyses in both subsonic and transonic regimes.
At the beginning of this research, we expected a classical flutter instability for both wing models. Thus, fictitious moments of inertia (symbolically represented at the wing tip zone in Figure 19 ) were added near the tip of the two wings in order to reduce the natural torsional frequency of vibration down to a more realistic value and to promote the interaction of bending and torsion modes with the aerodynamic loads.
Two separate cases were studied with different inertia distributions: Case 1 and Case 2 [20] . In addition, to highlight the effects of the numerical solver approaches on the aeroelastic responses of wings, both pressure-based (PB) and 
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Case 1: Heavy Fictitious Moments of Inertia.
At sea level and at the simulated cruise altitude, both wings reached a classical flutter instability (Figure 20) . At cruise altitude, for the swept-wing model there was a fully subsonic flow condition. For the curved-wing model, a fully transonic flow was established. As can be seen in Figure 20 , at sea level, the available solvers (density based or pressure based) provide similar estimations for the overall damping parameter, while at cruise altitude for the curved-wing model a difference arises in the unstable regime. In any case, the flutter speed of the curved wing is higher than the swept wing. The aeroelastic behaviour of the two wings above the instability conditions at sea level and at cruise altitude can be better understood by observing the following animation files: Swept-Case_1-Sea_Level-M = 0 45, Curved-Case_1-Sea_Level-M = 0 5, Swept-Case_1-Cruise-M = 0 8, and Curved-Case_1-Cruise-M = 0 9; all these files refer to density-based results.
Bending and torsion of the wings are involved in these forms of instability, and the amplitude of unstable oscillations increases rapidly above the flutter speed (Figure 21 ).
For the cruise altitude, an estimation of the displacement LCOs for the wing tip leading edge of the two wings is shown in Figures 22 and 23 .
According to the criteria discussed in [26, 27] , these figures show that the curved-wing postcritical aeroelastic response is probably affected by the nonlinearities due to the transonic flow. In this case, the same change in the Mach number causes the amplitude of displacement LCOs to grow less rapidly with respect to the swept wing (compare Figure 23 with Figure 22 ). 11 International Journal of Aerospace Engineering conditions. Although the LCOs are not fully stable, their amplitude differences confirm that the compressibility of fluid has different effects on the two wings.
Finally, for the same postcritical conditions, Figure 25 compares the LCOs computed for the powers of fluid obtained by combining the aerodynamic force vectors acting on the wing models and the velocity vectors of the surface's nodes. For the swept wing, the rate of power growth shows that the physics of a classical subsonic flutter phenomenon is involved, while a slightly different physical situation can be observed for the curved wing.
Case 2: Lighter Fictitious Moments of Inertia.
To force the role of transonic flow phenomena, we applied lighter moments of inertia at the tip zones of the wing models. The parameters of Case 2 are summarized in [20] . In this case, only cruise altitude conditions were simulated. To confirm the hypothesis discussed in [20] , i.e., the physical behaviour (approaching instability) of two wings, additional analyses were performed close to the stability margin of the two wings. Figure 26 shows the graph of damping parameter vs. Mach number at cruise altitude. Case 2 data were enriched with new analyses, and new results were added with respect to our previous work [20] .
The aeroelastic conditions examined refer to the angles of attack corresponding to the lift coefficient C L = 0 36 obtained with rigid CFD analyses (as summarized in Figures 15 and 17 for the swept wing and curved wing, respectively). Taking into account the elasticity of the wing models, the actual value of C L obviously changes for both wings (it tends to go down). In the case of the swept wing, it was observed that for a fixed angle of attack, say α = 0 76°, above the instability Figure 26 ). Figure 27 (density-based solution) shows the displacement histories of the leading edge of the swept-wing tip. In all unstable conditions, the amplitude of oscillations increases very slowly and the dynamic response of the swept wing depends on trim conditions.
In the case of the curved wing, the damping parameter increases monotonically as a function of the Mach number ( Figure 26 ). The amplitudes of oscillations are now larger, and above the instability condition, they increase rapidly for small increments in Mach numbers (see Figures 28  and 29) .
To highlight the differences in the behaviours of the two wing models, the LCOs of displacements were estimated as a function of the Mach number. Figures 30 and 31 show the results obtained for the swept wing and curved wing, 13 International Journal of Aerospace Engineering respectively. The evolution of LCOs for the swept wing follows the definition in [27] relating to the third type of dynamic instability observed for the BACT Model, i.e., a situation characterized by slowly diverging oscillations where a further increase in the Mach number enables a safe condition to be recovered, so that there is a dynamic equilibrium condition with small and constant amplitude oscillations (LCOs).
In this case, the aeroelastic response corresponds to a value of the overall damping parameter close to zero (as obtained with the density-based solver) or it may correspond to a fully stable dynamic equilibrium (as obtained with the pressure-based solver) (see Figure 26 ). Figure 30 shows that for the swept wing, an increase in the Mach number leads to a moderate increase in the slowly diverging oscillations, highlighting the strong nonlinear effects due to the transonic aerodynamic field.
On the other hand, the results obtained for the curved wing highlight that, the increase in LCO amplitude with a change in Mach number is rapid (Figure 31 ): i.e., classical flutter occurs according to the definition in [27] . In this case, the nonlinear effects of the transonic flow do not directly control the instability phenomenon.
As in the cruise condition for Case 1, Figure 32 compares LCOs computed for lift coefficients of swept and curved wings in the postcritical regime of Case 2. The conditions Mach = 0 90 for the swept wing and Mach = 0 948 for the curved wing, which correspond to almost similar damping parameters, were compared. The amplitude differences in LCOs confirm that the compressibility of fluid has different 14 International Journal of Aerospace Engineering effects on the two wings. Figure 33 shows a comparison of the LCOs related to the power that the fluid supplied to the structure, for the same postcritical conditions. For the curved wing, the level and rate of power growth indicate the physics of a classical flutter phenomenon, while a totally different physical situation can be observed for the swept wing. Similar considerations can be made considering the results related to the pressure-based FSI analyses. For example, Figures 34 and 35 show the estimated oscillation cycles computed for the vertical displacement at the tip leading edge of the wings.
For the swept wing, Figure 36 compares the displacement histories obtained, at cruise altitude, with the density-based and pressure-based options. In this case, the value of the angle of attack is α = 0 76°. In addition, Figure 37 shows the displacement histories obtained with the density-based option, but for an increased value of the angle of attack, say α = 0 977°. From these histories, the damping parameters represented in Figure 26 were estimated.
The aeroelastic behaviour of the two wings above the instability conditions can be better understood by observing the following animation files: Swept-Case_2-Cruise-M = 0 90 and Curved-Case_2-Cruise-M = 0 948. Buffeting (flutter-buffet) of the swept wing predominantly involves a bending oscillation, while the flutter of the curved wing involves bending and torsion. For example, the variation in time of the pressure coefficient along a section profile of the wings close to the tip zones can be observed in the following animation files: Swept-Case_2-Cp_93%-Cruise-alfa=0.977_deg-M = 0 9 and Curved-Case_2-Cp_ 94%-Cruise-alfa=1.15_deg-M = 0 948. As mentioned for Case 1, all the animation files shown for Case 2 refer to the results obtained with the density-based solution.
From a qualitative point of view, the different nonlinear dynamic behaviour of the two wings can be explained by looking at Figures 7-11 . For a fully transonic regime, the supersonic zones around the wings with the same Mach number and the same C L have a different dimension and shape, especially in the external portion of the wings where, in the FSI analyses, the elasticity of the models plays a more important role. Both the amount of energy stored and the amount of energy dissipated in a transonic flow field are higher in the case of a swept planform with respect to a curved one, and as a consequence a stronger nonlinearity affects the aeroelastic response of the swept wing.
Our results also show that if the effects of nonlinearities due to transonic aerodynamics are present and play an important role, the power of aerodynamic forces acting on a wing, close to the stability margin, is small and in this case there is an interaction between flutter and buffet. If the level of transonic flow nonlinearity is weaker, this interaction is also weaker, as happens for the curved wing in Case 1 at cruise flight conditions. In fact, in Case 1 the swept wing operates in a fully subsonic field and a classical flutter occurs without any evidence of nonlinearity effects, as shown in Figures 22, 24, and 25 .
On the other hand, the curved wing operates in a transonic field which helps to lower the level of oscillations even above the stability margin and at least for the first cycles of the dynamic response (see Figures 23, 24 , and 24: Figures 24 and 25 refer to the working point with Mach = 0 90 in Figure 20 ). However, in this case the nonlinearity is not strong enough to control the characteristics of the dynamic stability of the wing and, as a consequence, for the curved wing, a classical flutter occurs. A comparison of the fluid power oscillation cycles of Case 1 and Case 2 ( Figures 25 and 33 ) confirms this last assumption, and demonstrates that the swept wing more clearly suffers from the effects of the transonic aerodynamics.
Finally, although in the present study, beyond the examined instability conditions, the computed LCOs are not fully stable, from a technical point of view the results obtained are in good agreement with the theoretical behaviour of nonlinear aeroelastic systems as discussed in the literature. In addition, they do not depend significantly on the numerical methodologies that can be used to compute the transonic pressure field.
Conclusions
In order to define an innovative configuration for future generations of fixed-wing aircraft, rigid CFD analyses and dynamic FSI analyses were carried out to compare the aerodynamic and aeroelastic performances of two high-aspect-ratio wings: a curved planform wing and a conventional swept wing. The two analysed half wings have the typical dimensions of a long-range transport aircraft.
For the analyses, a commercial software was used. As a reference, polar drag curves of the two wings were constructed and compared for a conventional cruise flight condition (h = 10,000 m, Mach = 0 85). The numerical models used in this phase of the research were assumed as rigid and two highly refined structured CFD meshes were adopted (these meshes are made up of about 6.5 million cells and/or nodes). As demonstrated in our studies, the curved wing provides a notable drag reduction (the pressure component of drag, i.e., the wave drag is primarily reduced) due to the different effects of the transonic phenomena. As a simple case study, by adopting the computed polar curves, the fuel saving was estimated for a cruise flight at constant altitude: about two tons of fuel are saved and consequently pollution is reduced.
A sensitivity study demonstrated that by adopting coarser CFD meshes (these meshes are now composed of about 0.4 million cells) the lift coefficient is affected by an error of about 10%. In terms of comparative aeroelastic analyses and assuming that this level of error is acceptable, FSI simulations provided a series of new numerical data that enrich previous published results.
The analysis of the reference literature provided a basis to highlight and to interpret the differences in the aeroelastic behaviour of the two half-wing models. It is well known that nonlinear phenomena affect the dynamic responses of lifting surfaces in a transonic flow field, and a bifurcation diagram for limit cycle oscillations can be defined where the flutter speed identifies the bifurcation point. In general, if nonlinearities are weak enough, postcritical stable paths of this diagram are very flat: i.e., the amplitude of the self-sustained oscillations tend to increase very rapidly for small increments 
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International Journal of Aerospace Engineering in the speed (or Mach) parameter. The opposite occurs for strong nonlinearities. In the former case, the instability condition concerns a classical flutter, while in the latter a flutter-buffet instability (single-degree-of-freedom flutter) occurs. These well-distinct behaviours were observed in the present study. Assuming all the other technical parameters as similar, in a transonic flight condition the half swept-wing model becomes unstable for a smaller value of Mach and a flutter-buffet phenomenon characterizes the form of its instability. The curved wing suffers fewer transonic effects, and the unstable condition is reached for a higher value of Mach number for which a classical flutter occurs. Following a procedure that is well established in the literature, the comparisons of LCO for the leading-edge wing tip displacement, lift coefficient, and power of aerodynamic forces demonstrate how a curved planform, in a transonic flow condition, can favourably influence the self-sustained pressure field oscillations which are the basis of the high-speed buffet and flutter-buffet interaction phenomena of wings.
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Supplementary Materials
Supplementary 1. Swept-Case_1-Sea_Level-M = 0 45: the animation file shows the dynamic instability (classical bending-torsion flutter) of the swept-wing model for Case 1 (see Table 3 of Reference [20] ) in a subsonic flight condition (M = 0 45 of Figure 20 of the present paper) at sea level. The animation file reproduces the displacement history of the FSI analysis (density based).
Supplementary 2. Curved-Case_1-Sea_Level-M = 0 5: the animation file shows the dynamic instability (classical bending-torsion flutter) of the curved-wing model for Case 1 (see Table 3 of Reference [20] ) in a subsonic flight condition (M = 0 50 of Figure 20 of the present paper) at sea level. The animation file reproduces the displacement history of the FSI analysis (density based).
Supplementary 3. Swept-Case_1-Cruise-M = 0 8: the animation file shows the dynamic instability (classical bending-torsion flutter) of the swept-wing model for Case 1 (see Table 3 of Reference [20] ) in a high-subsonic flight condition (M = 0 8 of Figure 20 of the present paper) at cruise altitude (h = 10,000 m). In this case, the flow around the wing is still fully subsonic. The animation file reproduces the displacement history of the FSI analysis (density based).
Supplementary 4. Curved-Case_1-Cruise-M = 0 9: the animation file shows the dynamic instability (classical bending-torsion flutter) of the curved-wing model for Case 1 (see Table 3 of Reference [20] ) in a transonic flight condition (M = 0 9 of Figure 20 of the present paper) at cruise altitude (h = 10,000 m). The animation file reproduces the displacement history of the FSI analysis (density based).
Supplementary 5. Swept-Case_2-Cruise-M = 0 90: the animation file shows the dynamic instability of the swept-wing model for Case 2 (see Table 3 of Reference [20] ) in transonic flight condition (M = 0 9 of Figure 26 of the present paper, alfa = 0 977 deg) at cruise altitude (h = 10,000 m). The animation file reproduces the displacement history of the FSI analysis (density based). A single-degree-of-freedom flutter is highlighted: the buffeting involves a structural bending mode of the wing model. The amplitude of self-sustained oscillations is very small compared with the dimension of the tip chord.
Supplementary 6. Curved-Case_2-Cruise-M = 0 948: the animation file shows the dynamic instability of the curved-wing model for Case 2 (see Table 3 of Reference [20] ) in transonic flight condition (M = 0 948 of Figure 26 of the present paper, alfa = 1 15 deg) at cruise altitude (h = 10,000 m). The animation file reproduces the displacement history of the FSI analysis (density based). In this case, a classical bending-torsion flutter is highlighted.
Supplementary 7. Swept-Case_2-Cp_93%-Cruise-alfa = 0 977_deg-M=0.9: the animation file shows the variation of pressure coefficient (C p ) distribution on the profile at 93% of the span of the swept-wing model for Case 2 (see Table 3 of Reference [20] ) in transonic flight condition (M = 0 9 of Figure 26 of the present paper, alfa = 0 977 deg) at cruise altitude (h = 10,000 m). The animation file reproduces the results of the FSI analysis (density based). A single cycle of oscillations has been shown: due to the buffeting phenomena of the swept-wing model, the variation of C p vs. time is not so strong.
Supplementary 8. Curved-Case_2-C p _94%-Cruise-alfa = 1 15_deg-M = 0 948: the animation file shows the variation of pressure coefficient (C p ) distribution on the profile at 94% of the span of the curved-wing model for Case 2 (see Table 3 of Reference [20] ) in transonic flight condition (M = 0 948 of Figure 26 of the present paper, alfa = 1 15 deg) at cruise altitude (h = 10,000 m). The animation file reproduces the results of the FSI analysis (density based). A single cycle of oscillations has been shown: in this case, due to the classical flutter phenomena of the curved-wing model, the variation of C p vs. time is very important. International Journal of Aerospace Engineering
